PHYSICAL REVIEW A 106, 023114 (2022)

Pushing multiphoton resonant ionization of the argon atom to the low-intensity regime
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Resonance-enhanced multiphoton ionization process of the argon atom by an 800-nm 30-fs linearly polarized
laser field is investigated at intensities range from 1.1 to 4.55 x 10'> W/cm?. At 4.55 x 10'* W /cm? intensity
the experimental photoelectron energy spectrum is in a good agreement with the time-dependent Schrédinger
equation (TDSE) calculation where the double structure originating from dressed 4p — 4d coupled transition is
clearly identified. At lower intensity of 1.1 x 10'3 W/cm?, the resonant ionization process via the 4f state is
observed, however, the expected peak (jet) at 90° in the photoelectron angular distribution from the zeroth order
above threshold ionization, has vanished completely. Such behavior is attributed to the destructive interference
phenomenon in the coherent contributions of different partial waves of the photoelectron, namely, ed and €g

states, and has been confirmed in our TDSE calculations.
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I. INTRODUCTION

Interaction between intense laser and matter have triggered
tremendous studies that could not have been performed before
the advent of short pulse intense lasers. Among these studies,
the above threshold ionization (ATI), the high-order-harmonic
generation, the sequential and the nonsequential ionization, to
name a few, represent the most commonly studied processes
in strong-field experiments(e.g., see reviews [1,2]). In the ATI
process the number of absorbed photons by the atom can
exceed that required to overcome the ionization potential.
Therefore, a sequence of equally separated peaks by the pho-
ton energy are observed in the photoelectron spectrum (PES),
and the excess number (S) of absorbed photons is called
the ATI order. By consecutively adjusting the wavelength
or intensity of the laser to measure the photoelectron en-
ergy and momentum distributions, various experiments have,
thus, been performed during the past few decades (for in-
stance, see Refs. [3-12]) to explore the embedded laws of
its underlying physics. In these studies, the photoelectron
angular distribution (PAD) has been a very well suited tool
which can provide detailed information on quantum dynamics
of atomic and molecular systems. As an important result,
for low-order ATI the PAD pattern exhibits a jetlike struc-
ture where the number of minima can be directly associated
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with the dominant angular momentum of the photoelectron
[3,13-15].

From theoretical part, different studies have been devel-
oped for a better understanding and prediction of the PAD.
It has been shown in Ref. [16] that the origin of the jetlike
structure arises from the inherent properties of the ATI pro-
cess, which is represented by the generalized Bessel function
[17] but not from the angular momentum of either the initial
or the excited states of the atom. For instance, according to
the work of Bai er al. [18] the jetlike structure of PAD is
due to the maxima of generalized phased Bessel functions but
cannot be taken as an indication of the quantum number of
the photoelectron angular momentum state. Later an empirical
rule was proposed in Ref. [19] to predict the dominant angular
momentum near threshold photoelectron. It is pointed out in
Ref. [19] that, close to the threshold, the number of jets in
the PAD depends strongly on the number of absorbed photons
and unless the latter is increased due to the change in the
laser intensity to populate the next ionization channel, the
number of jets will remain unchanged. At this turning point
a different minimum number of absorbed photons is required
according to the new laser intensity. By comparing the numer-
ical solution of time-dependent Schrodinger equation (TDSE)
and the calculation of classical-trajectory Monte Carlo with
tunneling, Arb6 and co-workers [13,20] showed that the PAD
mainly results from the interference of different pathways of
the ionized electron and derived a semiclassical expression to
predict the dominant angular momentum near the threshold.

Besides, in the PES discrete narrow energy peaks resulting
from Freeman resonance [21] are observed in the ATI pro-
cess. This is because when the energy difference between a
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Rydberg state with an AC-Stark shift and the ground state
equals to an integer number times the photon energy, the
electron is likely to be first excited to a resonant Rydberg state,
then consecutively removed to the continuum by absorption
of extra photons. Because of the large ionization rate of such
a resonant process, it is usually called resonance-enhanced
multiphoton ionization (REMPI). In the case of nonresonant
ionization, the ionization threshold of the atom is shifted in
the intense laser field due to the influence of the ponderomo-
tive potential. Since the latter depends linearly on the laser
intensity [22] and shifts the positions of the nonresonant ion-
ization peaks, it could be used to calibrate the laser intensity.
However, the peak positions in PES of the resonant ionization
process are independent of the laser intensity, which reflects
the characteristic of the resonant ionization.

Resonant ionization process can unveil abundant dynamic
information, such as AC-Stark splitting, the property of inter-
mediate states, channel switching effect [8,23], interference of
different quantum paths [24,25], and time delay of different
resonant ionization channels [26,27]. Various resonant states
[4,5,28] are reported in the intensity-resolved spectra of argon
atom at comparably large intensities of 0.5-7 x10'* W /cm?.
However, to the best of our knowledge, for intensities below
3 x 10'* W/cm? (11-photon ionization process) the studies in
this field remain scarce.

In this paper, photoelectron momentum and energy dis-
tributions of single ionization of an argon atom, in the
linear-polarized laser pulses with a central wavelength of
800 nm and pulse duration of 30 fs, are measured at intensities
of 1.1 up to 4.55 x 10'> W/cm? using reaction microscope.
The paper is organized as follows, the next section describes
the experimental setup, the discussion of the main results are
presented in Sec. III. Then, Sec. IV, contains the summary of
the main conclusions.

II. EXPERIMENTAL SETUP

In the experiment, linear-polarized laser pulses with a cen-
tral wavelength of 800 nm and a full width at half maximum
of 100 nm are used as the seed laser. After two stages of
amplification the pulse duration of 30 fs can be achieved
with a repetition frequency of 3 kHz and the maximum en-
ergy of each pulse can reach up to 5 mJ. The laser beam is
then focused on the target zone of the reaction microscope
by a convex lens whose focal length is 30 cm. The argon
atomic target is prepared via the supersonic expansion which
has a low-momentum spread at low temperature of a few
Kelvins. Single-ionization events are selected by the three-
fold coincident measurement among the recoil Art ion, the
photoelectron, and the laser pulse. The electric-field strength
of time-of-flight (TOF) spectrometer is set to ~2 V/cm and
the magnetic-field strength is about 4 G, which allow us to
collect the electrons with the maximum transverse momentum
up to 0.7 a.u. Detailed information about the laser system and
reaction microscope can also be found in previous works of
Refs. [29,30]. The laser intensity is determined from positions
of the nonresonant ionization peaks according to Ref. [31].
Meanwhile, the pulse energies were also recorded throughout
the whole experiment from which the laser intensities for the
spectrum without clear nonresonant ionization peaks can also

be deduced. The uncertainty due to the calibration is estimated
to be less than +5%. In our experiment the laser intensity is
controlled by an adjustable attenuator in the beam line, and
the intensities of 1.1-4.55x10'3 W /cm? can be obtained.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the experimental results of the two-
dimensional photoelectron momentum distributions of argon
atom ionized by a linearly polarized (800-nm and 30-fs) laser
field at different laser intensities of 1.1, 1.6, 2.0, and 4.55 x
103 W/cm? as depicted in panels (a)—(d), respectively. The
horizontal axis is the momentum component along the laser
polarization and the vertical axis is the momentum component
along the propagation direction of the laser. Radial fanlike
structures in the form of jets from the nonresonant ionization
process are depicted in all spectra except for Fig. 1(a), marked
by the red dashed-dot circle. These radial fanlike structures
are due to the interference between different pathways of the
photoelectron [13,33]. The number of jets in these fanlike
structures is different at different intensities of the laser field.
For instance, six jets for a dominant angular momentum / = 5
are observed for 4.55 x 10'> W/cm? in Fig. 1(d), meanwhile,
seven jets for a dominant angular momentum / = 6 are found
when the intensity decreases to 2.0 x 10'3 W /cm? and below
as shown in Figs. 1(b) and 1(c).

The change in the number of jets of the radial fan-
like structures indicates that at such intensity range there
are two electron-emission channels, namely, 11-photon and
12-photon ionization channels where the atom absorbs, at
least, 11 or 12 photons to release the photoelectron. Due to
the conservation of the angular momentum the final electronic
states, thus, have different parities for these two channels,
resulting, respectively, in an odd or an even number of jets
in the two-dimensional- (2D-) momentum distributions.

Furthermore, the 2D-momentum distribution shown in
Fig. 1(d) exhibits sharp rings, originating from the REMPI
involving different intermediate states, superposed on a radial
fanlike structure. To assign these intermediate states the PES
of Fig. 1(d) as an illustration is plotted in Fig. 2 where the hor-
izontal axis is the photoelectron energy, and the vertical axis is
the normalized yield. Meanwhile the TDSE calculation based
on single active electron approximation (SAE) by the method
in Ref. [34] with the atomic potential model from Ref. [35]
is also presented in Fig. 2. In the calculations, the laser focal
volume averaging is considered for a better comparison with
the experimental data [34]. The spectrum shows that the in-
termediate states ng(l = 4) withn = 5-7 as wellasnp(l = 1)
and nd(l = 2) with n = 4 are clearly distinguished where n
is the principal quantum number and / is the orbital angular
momentum. It is noted that the peak structure at 1.6 eV cannot
be unambiguously assigned to the lower resonant state below
the 4d state, and the corresponding TDSE calculation shows
that it results from the dressed transient 4p-4d states [28].
However, significant deviations are seen in the peak positions
for the dressed 4p-4d coupled states, between our data and
the calculation, despite that good agreement is achieved for
the resonant ionization via intermediate ng states (n=5-7).

For instance, the TDSE results give the splitting of 0.17 eV
in between 4p and 4d resonant ionization peaks whereas our
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FIG. 1. Two-dimensional photoelectron momentum distributions of the argon atom in a linearly polarized (800 nm and 30 fs) laser field
at intensities: (a) 1.10 x 10" W/cm?; (b) 1.60 x 10'* W/cm?; (c) 2.00 x 10" W/cm?; (d) 4.55 x 10'* W/cm?. The horizontal axis P, is the
momentum component parallel to the laser polarization, and the vertical axis P, is the momentum component along the propagation direction
of the laser. The black-dashed ring line indicates the photoelectron with 0.225-a.u. momentum. Note that the abnormal strong node around
px ~ 0.5 a.u. in (d) is due to the loss of kinetic information in the detector plane where the TOF of the emitted electron equals an integer of
the electron cyclotron period in the magnetic field of the reaction microscope [32].

experimental data read at about 0.28 eV which is 63% larger
than the prediction. According to Refs. [36,37], AC-Stark
splitting is proportional to the Rabi frequency of (a|r |b) E,
where (a| r |b) is the transition matrix element between two
coupled states, and E is the electric-field strength. Since the
accuracy of our laser field intensity is less than 5%, it is,
thus, safe to rule out possibility that the enhanced splitting is
from higher laser field strength (E). Considering the fact that
the 4p and 4d states are low-lying levels where the electron
correlations and spin-orbit interaction should be stronger than
those with higher principle quantum numbers (n > 4), the
discrepancy could be attributed to the employed SAE model
which neglects these effects in the calculations.

The PESs at intensities from 1.1 x 10" to 2.4 x
10'3 W /cm? are presented in Fig. 3 for a systematic compar-
ison. One can see from these spectra that the position of the
peak at ~0.7 eV remains the same regardless the laser inten-
sity. Such a peak corresponds to the (10+1)-photon REMPI
channel in which ten photons are required to populate the
4f state and then by absorption of an additional photon the
electron is ejected to the continuum. In what follows we will
keep a similar notation (N + 1) photon for the specific REMPI
process, where N stands for the number required photons for

resonant excitation to a transient Rydberg state whose energy
is shifted due to the AC-Stark effect.

In the case of resonant ionization with the increase in
the laser intensity or photon energy, the channel switching
effect [23] modifies the number of required photons for the
resonant population of given Rydberg states and determines
the parity of involved resonant states of the REMPI process. In
earlier studies [38], the angular momentum of these resonant
states was attributed to the number of observed minima in
the PAD. Later in Ref. [11], it was also shown that the PAD
of the resonant ionization may also be directly related to the
principal quantum number of the resonant states. As the laser
field becomes stronger and close to the tunneling regime, it is
reported that the patterns in the PAD with the same ATT order
can involve two different intermediate states (4f and 5g) and
have almost identical angular distributions [4].

Empirically, the number of minima between jets in the
PAD equals / &1 for an emission angle ranging between
0 and 180° in (N + 1)-photon resonant ionization processes
due to the angular momentum conservation with / being the
orbital angular momentum of the intermediate Rydberg state.
Consequently, it will present a minimum at 90° for even /,
whereas a maximum is expected when [ is odd. This empirical
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law has been widely used to explain the experimental results 0 0

and even applies to high-order ATI processes [3,6,9-11,28].
However, as shown in Fig. 1(a) the 2D-momentum distribu-
tions and the corresponding angular distribution in Fig. 4(b)
of (10+41)-photon resonant ionization via 4 f state seems, at
the first glance, to contradict the empirical law since no peak
in the jet structure at 90° is observed as expected. The same
feature is also reproduced by our TDSE calculation using
the atomic potential of Muller and Kooiman [35] (Fig. 4).
It should be noted that, in our TDSE calculation, the focal
volume effect is not considered for two reasons which are as
follows: (1) at such a low experimental intensity only those
argon atoms exposed to the highest laser intensity can be
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FIG. 3. Experimental results for the angle-integrated photoelec-
tron spectra from the argon atom at various laser intensities lower
than 2.4 x I, with I, = 10'> W/cm?. The black-dashed vertical line
represents the peak position of 4f resonant ionization by absorption
of the (10+1) photon.
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FIG. 4. Results of our TDSE calculation and our experimental
data at an intensity of 1.1 x 10'"* W/cm?. (a) Phoelectron energy dis-
tribution; (b) photoelectron angular distribution for (10+1)-photon
resonant ionization via the 4f state (the solid line), meanwhile
photoelectron angular distribution for the (11+1)-photon resonant
ionization via 5g (the dashed-dot line) from the present experimental
data is also provided for comparison, 6 is the polar angle of emitted
electron with respect to the laser polarization; (c) TDSE results of the
two-dimensional momentum distributions. Black-dashed half-ring
indicates the (10+41)-photon resonant ionization via 4 f'state.

efficiently ionized and, (2) since the laser intensity is very
close to 4 f resonance intensity, the nonresonance ionization
rate is practically negligible which can be confirmed by the
present experimental data.

The absence of the lobe at 90° can be attributed to the
destructive interference between €g (I =4) and ed (I = 2)
waves. From the TDSE calculation it is seen that for intensity
of 1.1 x 10" W /cm?, starting from the 4 f resonant state, the
final angular momentum / of the photoelectron at the first
resonant ionization peak equals to 0, 2 and 4, and their contri-
butions are of 22.8%, 18.9%, and 54.7%, respectively. (Here
the population to / = 0 continuum can be achieved through
three photon processes where two photons are absorbed and
a photon is emitted, see discussions in Ref. [28]). Indeed, the
dominant contribution of the final state is from / = 4 which
confirms the empirical predictions. However, the destructive
interference between €g (I = 4) and ed (I = 2) waves com-
pletely washes out the lobe at 90°, meanwhile the es wave
(I = 0) practically has no contribution since it contributes
evenly in all directions.
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It should be noted that in the work of Ref. [4] it is re-
ported that neither 4f nor 5g state exhibits a lobe structure
at 90° and both PADs present almost identical patterns with
five minima. The authors claim that the angular distributions
are not associated with the quantum numbers of any par-
ticular resonant state. However, in their work ionization of
argon was studied at laser intensities ranging from 2.0 to
8.0 x 10'* W/cm? which is one order of magnitude higher
than our case. With such high intensities, different N-photon
ionization channels arise [34] and the assignment of interme-
diate states, thus, becomes cumbersome and inaccurate. In
Ref. [6] at lower intermediate laser intensities ranging from
0.8 to 2.0 x 10'* W/cm?, a very strong jet structure at 90°
with four minima in the PAD has been reported.

Comparing our results with those given in Refs. [4,6],
the significant differences in the PADs suggest that in the
corresponding regime the orbital angular momentum of the
intermediate state cannot simply be assigned to the number of
jets in the PAD. Even in the multiphoton regime, the empirical
law based on dipole selection rule fails to describe the PAD
due to the interference of different partial waves. Thus, for a
specific resonant ionization process, the corresponding PAD
may be altered significantly due to the interference between
partial waves of the photoelectron.

IV. SUMMARY

In conclusion, resonant single ionization of the argon
atom by linearly polarized laser field at relatively low in-
tensities range from 1.1 to 4.55 x 10" W/cm? is studied

employing the reaction microscope. At 4.55 x 10'* W/cm?
intensity, the measured photoelectron energy spectra are in a
good agreement with theoretical results of the time-dependent
Schrodinger equation. Meanwhile, the 4p-4d coupled reso-
nant ionization peaks are clearly resolved in the spectra which
confirms the theoretical predictions. However, the predicted
positions of the peaks 4p and 4d are different from those of
observed in our experiment. This discrepancy indicates that
the single-active-electron model is not sufficient to describe
resonant processes via low-lying states of n = 4.

As the intensity decreases below 2.0 x 10'* W/cm?, the
resonant ionization via 4 f has been observed. However, al-
though the TDSE calculation show that [ = 4 is the dominant
partial wave, the jetlike structure does not show any maximum
at 90° either in the experimental or the theoretical results
presented in this paper. Such a behavior implies destructive in-
terference between different partial waves, namely, [ = 4 and
| = 2 and, hence, the empirical laws, wildly used in literature
to assign the orbital angular momentum of the intermediate
state to the number of jets in the PAD, might not apply even
at the low intensity regime.
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